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Abstract 
 
The following report investigates the effect of heat treatment on the microstructure and 
mechanical properties of Ti-6Al-4V produced by Wire Arc Additive Manufacturing (WAAM). 
WAAM has arisen as a relatively new and successful technology for the production of 
aeronautical and mechanical components in industry.  As a novel concept however, there are 
many untouched areas of investigation that should be explored to gain a better understanding 
of the topic. Through this study, the benefits of the different heat treatments and hot isostatic 
pressing on Wire Arc Additive Manufactured components will be assessed to determine their 
requirement in to the enhancement of the mechanical properties. The results of this 
investigation will potentially lead to a competitive solution to post processing WAAM 
components in an effective manner.  Tensile testing was conducted on Wire Arc Additive 
Manufactured Ti-6Al-4V samples under as built, as built and stress relieved, hot isostatic 
pressed, vacuum annealed and solution treatment and aged conditions. It was found that the 
solution treated and aged treatment samples had the most effective tensile results for strength 
while the vacuum annealed sample demonstrated the best ductility.  
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Nomenclature 
The following nomenclature will be contained within this thesis report with the following 
definitions:  
AM Additive Manufacturing 
BCC Body Centered Cubic 
EBAM Electron Beam Additive Manufacturing 
HCP Hexagonal Close Packed 
HIP Hot Isostatic Pressing 
IR Infrared Radiation 
PM Powder Metallurgy  
SEM Scanning Electron Microscopy 
SLM Selective Laser Melting 
STA Solution Treatment & Ageing 
UTS Ultimate Tensile Strength 
Ti64 Titanium – 6 Aluminium – 4 Vanadium  
VAC Vacuum Annealed 
WAAM Wire Arc Additive Manufacturing 𝒀𝒔  Yield Strength 
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Chapter 1 
Introduction 
Past and present studies on the performance of Selective Laser Melting (SLM) and 
additive manufactured products have been crucial to materials science in the Mechanical and 
Aerospace fields. Specifically, investigations on the response of Titanium and Titanium alloys 
to such processes have been fundamental to the increase in variety of Aeronautical components 
available in industry.  SLM is defined as being “an additive manufacturing technique in which 
functional, complex parts can be created directly by selectively melting layers of powder” 
(Thijs, 2010). It is a process that is known for having very high and localised heat concentration 
throughout very short interaction with the working materials. It is this contact with the materials 
which has a significant impact on their microstructure, where the high cooling rate of SLM 
produces martensite.  
 
Martensitic microstructures are typically known for having high strength, at the expense of 
good ductility, a feature that is undesirable for aerospace applications. To ensure that these 
SLM materials are suited to their intended functions in practice, further processing through Hot 
Isostatic Pressing (HIPing) is usually required to ensure that the ductility of the materials is not 
compromised by SLM. HIPing is a process, which “presses a component from all sides at equal 
pressure and elevated temperature for consolidation into a dense compact solid” 
(Chattopadhyay & Ramnarayan, 2004). This eliminates the porosity that is present as a 
consequence of the incomplete fusion of powder particles in the less ductile SLM components. 
Additionally, it also moderately increases ductility by removing martensite through heat 
treatment of the materials in the Hot Isostatic Press.  
 
As a means of preventing these microstructural issues, processes such as Wire Arc Additive 
Manufacturing (WAAM) could be considered as a replacement for SLM for future processing 
procedures. WAAM for Titanium alloys has emerged as a relatively new additive 
manufacturing technology potentially suitable for aerospace applications. It has many benefits 
including decreased cost for components, higher deposition rates and can be utilised for ‘out of 
chamber’ conditions to manufacture components of increased size. As this technique and the 
understanding of the processes for titanium is in its infancy, there is still a great deal of 
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knowledge to be gained about the resulting properties of WAAM Ti-6Al-4B, the titanium alloy 
investigated in this study. 
 
WAAM is known for having a slower cooling rate than SLM and has received positive feedback 
regarding the resulting mechanical properties and microstructures after completion 
(Chattopadhyay & Ramnarayan, 2004). The slower cooling rate of the samples during the 𝛽 −𝛼 transformation generates Widmanstatten-𝛼 and develops a good balance between strength 
and ductility through the formation of less martensite. It is still unknown, however, whether the 
WAAM process benefits from HIPing like the SLM does or whether HIPing is actually 
necessary. Theory and some experimentation indicates that the higher density of the products 
reduces the fusion complications that are present in SLM, decreasing the level of porosity of 
the WAAM components. As the main function of the Hot Isostatic Pressing process is to 
eliminate such porosity, it is reasonable to question the necessity of using HIPing for post-
processing for WAAM products.   
 
1.1 Aims & Objectives 
The overarching goal of this project is to explore the mechanical properties of Ti-6Al-4V 
components built by Wire Arc Additive Manufacturing (WAAM). This investigation will 
consider the necessity of post processing treatments, (including as built and stress relieved, as 
built, Solution treating and ageing and vacuum annealing) and HIPing on WAAM Titanium 
components and potentially present a solution, which is effective at improving the mechanical 
properties of the products being created. To ensure that the aims and objectives of the 
investigation are met, some goals for the project have been identified.  
 
These include:  
•   Generating high quality test samples in the laboratories to complete investigations; 
•   Conducting heat treatments and HIPing on the samples;  
•   Effectively investigating the tensile properties and microstructure of WAAM Ti64 in 
the as built, as built and stress relieved, solution treated and aged, vacuum annealed and 
HIPed conditions; 
•   Compare the results obtained for each of the samples to reach a conclusion on the project 
question; and  
•   Determine the necessity and type of post processing heat treatments on WAAM 
Titanium components to improve the mechanical properties.   
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Through the completion of these aims and objectives, a better understanding of the newer 
WAAM processes and their contribution to the manufacture of aerospace components can be 
determined. A thesis documentation of the study will be completed and the limitations of the 
study identified to allow further research on the topic. 
 
1.2 Project Scope and Limitations 
Understanding the limitations of the investigation through the scope of the project is essential 
to define the task outcomes. The scope of this thesis project, as well as the tasks deemed out of 
scope, are listed in Table 1.   
 
In Scope Out of Scope 
•   Generating the WAAM samples for the 
different heat treatments.  
•   Perform heat treatments on the samples.  
•   Conduct tensile tests on the heat-treated 
samples.  
•   Investigate the porosity of the samples 
and determine the best grain refinement 
technique out of the tested options.  
•   Determine whether there is an optimal 
treatment to be used for post processing.  
•   Varying deposition parameters used to 
generate the samples.  
Table 1: Project Scope 
1.3 Document Overview 
The following overview details the different topics discussed as part of the chapters contained 
within this thesis report.  
 
Chapter 2: Presents a literature review on the available research on this study and investigates 
the different topics applicable to the analysis of results. This chapter clarifies the necessary 
information regarding the properties and microstructure of Ti64 and the heat treatment 
techniques used for this study. Analysis of the advantages and disadvantages of each of the heat 
treatments and post-processing techniques has been provided for reference in later sections of 
this document. This section also discusses porosity as a defect for WAAM components as well 
as the information specifically related to the methodology used for this thesis. 
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Chapter 3: Provides a detailed description of the methodology used to complete this 
investigation. This chapter reports the procedure followed to generate the samples, conduct the 
heat treatments and perform the tensile tests. The apparatus used for the tensile testing 
procedure has been depicted.       
 
Chapter 4: Documents the relevant results obtained from the tensile testing machines. The raw 
data collected during the testing procedure was graphically displayed, where the critical points 
and values necessary for analysis were provided. The elements of the results that were not 
overly critical to the discussion have been supplied as Error! Reference source not found. to 
the report. 
 
Chapter 5: Critically analyses the results presented in Chapter 4. Chapter 5 has been included 
to present the central findings related to the results. More graphical displays of the data have 
been supplied and a final recommendation of appropriate and cost-effective heat treatments has 
been presented. Reference to the information and prior art developed in Chapter 2 has been 
used in this component of the report to support the investigation and the conclusions drawn 
from the experimental data. 
 
Chapter 6: This final chapter provides the summary to the thesis investigation, revisiting the 
aims and objectives outlined in Chapter 1. It summarizes the results collected in Chapter 4 and 
the critical analysis completed un Chapter 5. Recommendations have also been made to assist 
in improving future experimentation in this field of study. 
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Chapter 2 
Literature Review 
Additive manufacturing has become a highly regarded technique utilized in the 
production of custom-made components particularly relevant to the aerospace industry. It has 
been a particularly economical solution for high cost materials that are often difficult or 
expensive to machine as it minimises product wastage and reduces the time required to 
construct the individual components. It is essential for this research topic however, to consider 
the impacts of using these more advanced techniques and the extent to which the microstructure 
and mechanical properties are altered throughout the process. To investigate this process 
consideration of the different heat treatments and their effect on the microstructures and 
mechanical properties of Ti-6Al-4V will be considered.  
 
2.1 Ti-6Al-4V 
Titanium is one of the most favoured alloy materials utilised in aerospace applications, 
regularly used for components such as aero-engines and space shuttles. Its high strength to 
weight ratio and particularly good corrosion resistance sets it ahead of many other materials 
available for use (Pederson, 2002). The most commonly used titanium alloy within the 
aerospace industry is the two phase (𝛼 + 𝛽)	  alloy, Ti-6Al-4V as it possesses superior 
machinability and mechanical properties as compared with other titanium alloys (Gammon, et 
al., 2004). The existence of the 𝛼/	  𝛽	  transformation means that many different microstructures, 
and consequently, mechanical properties combinations can be achieved through thermo-
mechanical processing (Pederson, 2002).  Figure 1 depicts a comparison of the specific strength 
of a selection of materials against a range of temperatures. As shown, Ti-6Al-4V has a greater 
specific strength than most of the other materials up to a temperature range of 400-500℃;	  a 
higher range than that of the higher strength composites.  
 
Figure 1: Temperature Vs UTS for Different Materials (Pederson, 2002) 
 
Titanium has been included in many different alloy structures as the alloyed titanium usually 
has a much higher strength then pure titanium alone. Pure titanium completes an allotropic 
transformation from hexagonal close packed (𝛼)	  to body centred cubic (𝛽), as depicted in 
Figure 2 below (ASM International, 1998).  
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Figure 2: System Microstructure [ (Pederson, 2002), (ASM International, 1998)] 
 
Titanium alloys of the 𝛼 + 𝛽 system contain one or more 𝛼 stabilising elements combined with 
one or more 𝛽 stabilising element. At room temperature equilibrium, these alloys usually hold 
a mixture of 𝛼	  𝑎𝑛𝑑	  𝛽 phases depending on the amount and form of 𝛽 element being used 
(Pederson, 2002). In the case of Ti-6Al-4V, the alpha stabilizer is made up of the 6 wt.% 
Aluminium constituents while the beta stabilizer is from the 4 wt.% Vanadium contributions,  
(ASM International, 1998).   
 
The mechanical properties associated with such a microstructure is dependent on the 
mechanical properties of the materials contained in the 𝛼 + 𝛽 system. The properties of the 𝛼 +𝛽 alloys can be enhanced or minimised by heat treatment which adjusts the microstructural and 
precipitation states of the 𝛽	  component. As such the components being produced with this 
microstructure possess an extensive range of potential mechanical properties. 𝛼 + 𝛽	  are 
typically known for their good machinability and fabricability, moderate strength at elevated 
temperatures and high strength under ambient conditions, [ (Pederson, 2002), (ASM 
International, 1998), (Lutjering, 1998)]. 
 
At room temperature, the microstructure of this alloy is mainly comprised of the alpha phase 
(hcp) with some retained beta phase (BCC). The microstructure is divided into many states 
depending on the rate of cooling experienced and also the prior heat treatment completed on 
the samples. The different types of microstructures are defined as grain boundary allotriomorph 
alpha, globular/primary alpha and martensitic. For very slow cooling rates, the beta phase 
mainly transforms into a globular type of alpha phase. Increasing this rate of cooling enhances 
the alpha nucleation rate in the beta boundaries. Finally, for quenching, the beta phase will fully 
or partially transform into a martensitic form of alpha [ (Pederson, 2002), (ASM International, 
1998)]. 
 
2.2 Additive Manufacturing  
There are many different forms of additive manufacturing (AM) utilized in industry for the 
generation of components. The most frequently used form of additive manufacturing involves 
powder bed AM processes such as selective laser melting (SLM), which commonly utilizes 
Titanium materials for component generation. The SLM process is illustrated in Figure 3 and 
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involves selectively melting layers of powder with a laser, to progressively form layers of a 
component (Thijs, 2010).   
 
Figure	  3:	  SLM	  Process	  
Wire Arc Additive Manufacturing (WAAM) has emerged as an affordable alternative to 
powder bed AM, utilizing a wire feed to form components. Different to SLM, which is 
characterized by utilizing small melt pools and fast cooling rates (Gu, Meiners, Wissenbach, & 
Poprawe, 2012), WAAM melts larger volumes of metal under slow scan speeds which results 
in higher deposition rates.  
 
WAAM is an additive manufacturing process which could have significant potential in 
aerospace applications with the ability to fabricate larger ribbed components in a more cost and 
time effective manner.  It has been shown in many previous studies completed on the SLM of 
Ti-6Al-4V, that the fast cooling rate of the SLM process results in an as-built microstructure 
comprised of fine acicular 𝛼 or 𝛼0-martensite. This results in a relatively brittle, but high 
strength material (Lutjering, 1998).  
 
Additionally, research into the problems and defects associated with AM processes of Ti-6Al-
4V concludes that the highly textured columnar grains created, along with porosity defects 
produced as a consequence of the incomplete fusion of powder during the build, causes low 
tensile properties and considerable anisotropy within components (Antonysamy, Meyer, & 
Prangnell, 2013). To eliminate the effect of these issues, post-processing heat treatments are 
typically implemented to achieve the desired mechanical properties. For processes such as 
SLM, this usually involves heat treating or hot isostatic pressing to increase the ductility of the 
material at the expense of some of the tensile strength.  
 
Hot Isostatic Pressing (HIPing) has been particularly identified as very effective at improving 
the fatigue life and elastic properties of SLM components (Vrancken B. , Thijs, Kruth, & 
Humbeeck, 2012). It also assists in removing the unwanted porosity from the microstructure 
under the high-pressure environment. Developing materials with these characteristics is 
extremely beneficial, however the process is relatively complex and time consuming to 
complete. The investigation into WAAM as an alternative to SLM as an AM technique to be 
used in industry, could prove to be an extremely competitive solution.  
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2.3 WAAM Titanium Alloys 
Wire and arc additive manufacturing (WAAM) is a relatively new manufacturing technique 
where large and small metal components can be fabricated in a manner not unlike SLM. It takes 
a layer by layer application of the metal until it gradually builds to form the desired shape of 
the component.  
 
This technique is becoming a more appealing option for the production of titanium components 
which are typically difficult and expensive to manufacture. As it is still a relatively new 
technique, there is limited knowledge and prior art that explores the specific effects that this 
type of processing has on the microstructure and hence, mechanical properties of the resulting 
products.  
 
Figure	  4:	  Wire	  Arc	  Additive	  Manufacturing	  Process	  
WAAM involves directly fabricating a fully dense three-dimensional net shape component 
from a metal wire. The wire is fed at a controlled rate into an electric arc and is melted onto a 
substrate over a previously deposited layer (Wang, et al., 2013). This process (see Figure 4) is 
particularly effective, with a faster deposition rate than most other metal alloy AM procedures.  
 
Additionally, this technique optimises the use of the selected materials, with very little wastage 
occurring after the process is complete. During WAAM processes, solidification nucleates 
epitaxially from existing grains at the fusion boundary and the presence of a high thermal 
gradient at the solidification front results in epitaxial grain growth, [ (Wang, et al., 2013), 
(Bezencon, Schnell, & Kurz, 2003)]. 
 
Previous studies have shown that the beta grain structure of WAAM Ti-6Al-4V is similar to 
that which is generated in SLM procedures as well as EBAM technologies [ (Wang, Williams, 
& Rush, 2011), (Baufield, Van der Biest, & Brandl, 2011), (Martina, Mehnen, Williams, 
Colegrove, & Wang, 2012)]. It is seen to have course, columnar beta grains that grow from the 
substrate and can extend over many layers. Heat treatments are used as a post-processing 
technique after WAAM procedures, however only the alpha phase can be changed through such 
procedures in the absence of plastic deformation. Macroscopically, banding is often seen on the 
surface of the material where the repeated thermal cycles that occur as a consequence of the 
layer by layer build process has had an effect, (Bezencon, Schnell, & Kurz, 2003).  
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The effect of processing parameters and heat treatments on powder bed AM has been the topic 
of many completed studies in additive manufacturing. This being said, the results of similar 
tests on WAAM for Ti-6Al-4V have not been completed to the same extent. The research that 
has been completed on WAAM Ti-6Al-4V components has demonstrated the high-quality 
results and good mechanical properties obtainable from WAAM processes. Some of the results 
attained exhibit properties which equal, if not exceed the properties obtained using other AM 
technologies. 
 
An investigation completed by Swarnakar, Van der Biest and Baufeld show how the slow 
cooling rates achieved during WAAM assists in preventing the formation of brittle martensite 
in the microstructure of the resulting components. This is known to increase the ductility of the 
as built products. Further studies completed show improvements in ductility of approximately 
7% in the direction normal to the build and 12-16% in the vertical direction, [ (Brandl, Baufeld, 
Leyens, & Gault, 2010), (Baufeld, Van der Biest, & Gault, 2010)].  
 
Comparatively, the results for the ductility of SLM products only achieved 12% ductility in the 
vertical direction (Kasperovich & Hausmann, 2015). From the results obtained in these 
different experimental results, it can be inferred that using WAAM as a replacement for SLM 
will potentially produce components with increased ductility.  
 
To examine the other benefits of utilising WAAM technologies over powder bed AM 
procedures, it is necessary to investigate the microstructure of the components and the effect of 
heat treatments on the mechanical properties. By modifying the deposition parameters, the 
problems with the microstructure can be reduced. For example, slower rates decrease the 
amount of porosity present in the resulting microstructures obtained. Additionally, changing 
the pulse speed can ensure that a finer and more controlled layer is formed. The mechanical 
properties straight after the WAAM process leave a high strength, but very brittle martensitic 
structure due to the fast cooling rate of the material. This is not overly desirable for the intended 
applications in the aerospace industry, where the brittle structure of the materials can increase 
the likelihood of premature fracturing of the components, particularly when fatigue cycles come 
in to play. Hence further processing of the generated components is necessary to ensure that the 
optimum mechanical properties for the application is attained.   
 
Considering that WAAM technologies produce coarser microstructures in the as-built 
condition, which is usually the microstructure desired after post processing (usually HIPing) 
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for SLM and powder be AM procedures. It is, hence, necessary to determine whether WAAM 
Ti-6Al-4V components require additional post-processing heat treatments similar to those used 
for SLM.  
 
2.4 Porosity 
Porosity is a defect which is commonly identified in additive manufacturing. There are many 
different ways in which the pores form in the microstructure of the components, however, they 
most commonly form as a consequence of gas entrapment in the material. This type of defect 
is distinguishable within a microstructure as small, circular empty pockets. Analysing the 
amount of porosity within parts produced through additive manufacturing processes is an area 
of interest in the materials and manufacturing fields. For the aerospace industry particularly, 
components are destined for high stress applications, requiring a fully dense composition to 
prevent premature failure in service (Slotwinskit & Garboczi, 2008).  
 
A study completed by Tammas-Williams et al. investigated the effect of porosity on crack 
initiation in AM Titanium structures. The results of this experimental analysis determined that 
both the strength and ductility of a material can be negatively impacted by the presence of pores 
within a microstructure. For the samples tested by Tammas-Williams, it was seen that “when 
the proximity of to the surface and the pore aspect ratio were included, the initiating defect was 
within the top 3% of defects ranked most harmful (Tammas-Wiliams, Withers, Todd, & 
Prangnell, 2017). Cracks can form more easily from a defect, propagating with increased 
loading until premature fracture occurs. In the study, this was seen to have a detrimental 
influence on the fatigue life of components.  
 
2.5 Hot Isostatic Pressing 
Hot isostatic pressing of the WAAM components involves heating the structure to a sufficiently 
high temperature that heat treatment occurs while pressurising the material to encourage any 
pours or gaps in the structure to fill up and become more solid. Through this process, the alpha 
phase of the material refines as it is heat treated increasing the ductility of the resulting material 
and decreasing the brittle properties, (Cai, et al., 2016). 
 
Microscopically, the grains are seen to have lamellar and equiaxed structures at the prior grain 
boundaries. Under the high pressure and elevated temperature conditions in the press, a near 
full density can be achieved and a high tensile strength and ductility can be achieved. This is 
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particularly desirable for aerospace applications that require high strength and moderate 
ductility to overcome the fatigue forces present on the mechanical systems. The conditions and 
microstructure of the materials after this Hot Isostatic Pressing mean that no further heat 
treatment on the components is required. Despite the convenience of this, the process is 
relatively costly. To determine whether a more cost-effective method can be used, heat 
treatments and solution strengthening and heat treatment processes will be tested.  
 
2.6 Stress Relieving 
Typically, AM components exhibit different mechanical properties when compared to parts 
produced through more conventional means using the same materials. Irrespective of the post 
process treatment of the components and imperfections, the microstructure has a powerful 
impact on the mechanical behavior of the materials. To enhance the mechanical properties of 
the AM metal pieces, a heat treatment is normally applied to ensure the resulting materials meet 
standard requirements. This form of post processing is particularly useful for additive 
manufactured components, which in most cases, produce materials that possess internal 
stresses. The presence of the internal stresses within the material can either be an advantage or 
a drawback.  
 
Thone et al. state that “in most cases it is desirable to produce parts without internal stresses” 
(Thöne, Leuders, Riemer, Tröster, & Richard, 2012). In additive manufacturing, the heat 
treatments are often used to reduce the internal stresses in the components that can reduce the 
ductility of the materials, but also to enhance some of the mechanical properties of the material. 
For the study completed by Thone et al. on SLM components, the heat treatments were also 
seen to increase the fatigue performance and breaking elongation values.  
 
This investigation also considered the phase development of the 𝛼 and 𝛽 titanium in a heat 
treated and non-heat-treated case. It was shown that the non-heat-treated specimen contained 
much finer laminar structures than the heat-treated sample. They state, “this is one reason for 
an increasing of breaking elongation because sliding effects are mainly detected between 
grains” (Thöne, Leuders, Riemer, Tröster, & Richard, 2012). They also saw a lessening in some 
of the 𝛼′-martensite for the stress relieved condition. This reinforces the prediction of higher 
ductility and elongation at break for the heat-treated condition.  
 
A stress profile analysis was conducted by Cao, Charghouri and Nash, which explored and 
validated the residual stresses generated in a single pass Ti-6Al-4V, six-layer component 
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produced using electron beam additive manufacturing. The tensile stresses measured for this 
experiment were measured in the longitudinal direction and were found to be greater than 
300MPa (Cao & Gharghouri, 2016). An analysis of residual stresses in WAAM Ti-6Al-4V 
components was completed by Martina et al. Tensile residual stresses up to 500MPa were 
achieved. It was concluded that the presence of the residual stresses within the microstructure 
had negative effects on the ductility measurement of the material. This was due to the fact that 
the presence of the stresses assists in the propagation of cracks in the material (Martina, et al., 
2016).  
 
For this thesis investigation, it is expected that the stress relieved condition tested will produce 
similar results to the study completed by Thone et al. on SLM Ti-6Al-4V components. This 
means an improvement in ductility should be seen in the tensile results.  
      
2.6 Solution Treating and Ageing 
Ti-6Al-4V in the solution treated and aged condition is known to generate the highest strength 
values for Ti-6Al-4V components, while still possessing a useful amount of ductility. It has, 
consequently been particularly popular for a variety of post-processing applications in industry. 
Simonelli states however, that “the bimodal microstructure of STA Ti-6Al-4V (globular	  𝛼 +	  fine lamellar 𝛼/𝛽) is not achieved simply through current additive manufacturing procedures  
(Simonelli, Tse, Tuck, & Mater, 2014). A further study displays that STA-grade tensile 
properties can be produced in additive manufactured materials, without the need for the bimodal 
microstructure (Xu, et al., 2015).  The tensile properties achieved through this process 
demonstrated strength values of approximately 100MPa and elongation of more than 10%.  
 
Qian, Brandt and Xu state that the use of STA for AM processing “was established by 
optimizing the formation of martensite in the SLM Ti-6Al-4V and allowing it to decompose 
into fine lamellar 𝛼/𝛽 (Qian, Xu, Brandt, & Tang, 2016).  The ultrafine lamellar 𝛼/𝛽 structure 
enables high yield strengths and good fatigue strength.  
 
Processes such as WAAM assist in producing less 𝛼′-martensite in the as built condition, which 
means that there will be less decomposition of martensite than seen for the SLM case. 
Additionally, dissimilar to martensitic transformations, where the 𝛼′-martensite laths form in 
the parent 𝛽 phase, without modifying the grain structure, considerable transformations occur 
in additive manufactured Ti-6Al-4V, which result in 𝛼 grains in the microstructure.  
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Qian, Brandt and Xu believe that this “offers a new strategy to transform the columnar 𝛽 grains 
in AM Ti-6Al-4V into equiaxed 𝛼 grains” (Qian, Xu, Brandt, & Tang, 2016).  
 
2.7 Tensile Testing and Data Acquisition 
As a means of measuring the mechanical properties of the different samples produced in this 
investigation, tensile tests will be performed. This allows the ductility and strength of the 
materials to be measured. Through the results gathered in this experimentation, the necessity of 
hot isostatic pressing as a post-processing technique can be determined, where a high strength 
and moderate ductility is desired.  
 
The stress tensile tests provide stress strain (elongation) curves for each of the samples, along 
with the data collected to generate the plots. To ensure that a sufficient amount of material is 
obtained from the data, the following relations will be used.  
 
2.7.1 ASTM F1108 
The strength and ductility values obtained from the tensile test will be compared to the standard 
value required in industry in ASTM F1108. To ensure that the strength and elastic behavior of 
the material meets the loading conditions typical of engineering applications, a minimum 
strength value of 860 MPa and a minimum ductility of 8% is enforced.  
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Chapter 3 
Experimental Methodology 
As a means of ensuring that the aims and goals of this investigation can be completed, 
an appropriate experimental method was determined. This guaranteed that the samples could 
be properly and consistently generated, before undergoing the different post-build treatments. 
Consequently, accurate comparisons could be drawn from the results of the different samples.  
For each of the samples, a Ti-6Al-4V wire was utilized as the feedstock for the WAAM process, 
where the wire’s chemical composition is defined in Table 2.  
 
Table 2: Feedstock Wire Chemical Composition 
Sample O 
Wt.% 
N 
Wt.% 
Al 
Wt.% 
V 
Wt.% 
Fe 
Wt.% 
Wire Feedstock 0.07 0.003 5.95 4.02 0.09 
 
A wrought Ti-6Al-4V base plate was used as the substrate for the deposited layers of material. 
Argon gas was used in these procedures as the trailing shield to generate the gas atmosphere 
during deposition of the wire feed onto the substrate. This ensured that an inert atmosphere was 
achieved to illuminate issues relating to the tolerance of the final product and produce better 
quality parts. This was visualized through the shiny silver surface of the samples generated.   
  
3.1 Deposition Process and Parameters 
Each deposit was generated through the movement of the welding torch in a linear direction 
across the sample substrate, and feeding the wire into the molten pool to form a solid layer. The 
subsequent layers were formed in a similar fashion, positioned directly over the previous layer, 
which increased the height of the sample requiring the height of the torch to be adjusted 
accordingly. The temperature was measured at the end of each layer deposit, following the 
termination of the arc. The measurement was obtained using a non-contact IR pyrometer, 
calibrated for emissivity against high purity titanium (99.995% purity) where the melting 
temperature is known to be 1941K and the 𝛽 −transus temperature is achieved at 1155K. A 
fitting factor was applied to the results to account for the dynamic emissivity present during the 
cooling process. 
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The deposition process continued until the appropriate dimensions of the final build reached 
approximately 180mm x 12mm x 12mm (excluding the base plate). This corresponded to 
administering four layers onto the base plate using specific deposition parameters. Details of 
the deposition parameters used for the generation of the components are outlined in Table 3. 
Table 3: Deposition Parameters for Build 
Parameter  Measurement 
Peak Current 150 Amp 
Base Current 75 Amp 
Pulse 5 kHz 
Wire Feed Rate 1.5 m/min 
Wire Type, Diameter Ti-6Al-4V, d=1mm 
Deposition Rate 50mm/min 
Electrode-Substrate gap 5mm 
Vertical Build Interval 3mm 
Substrate Ti-6Al-4V 
Electrode ∅ = 2.4𝑚𝑚 tungesten-rare earth 
Argon 99.99% purity, 21L/min 
 
3.2 Heat Treatment Processes 
The heat treatments completed for this investigation considered samples in the as-built 
condition, stress relieved condition and HIPed condition. As described in Chapter 2, HIPing is 
a treatment that coarsens a material’s microstructure through annealing while closing up pores 
present in the microstructure. To ensure that a comprehensive study was completed in relation 
to the separation of the effects of the microstructural changes from porosity, it was necessary 
to perform an additional test, which replicated the heat treatment without closing the porosity 
of the samples in the microstructure. The addition of a vacuum annealed (VAC) sample which 
was placed under identical heating and cooling cycles as those used during HIPing was 
undertaken. The slow cooling rate of the vacuum annealed and HIPed samples along with the 
extended exposure time at higher temperatures was expected to produce a coarse 
microstructure, which would likely result in increased ductility at the expense of strength.  
 
As a point of comparison, a strengthening heat treatment in the form of solid solution 
strengthening and ageing (STA) was performed on a set of the samples. This involved solution 
treating the components to develop the larger 𝛽	  phase fraction (as discussed in Chapter 2), 
followed by quenching and ageing to assist in dissolving the unstable 𝛽 within the samples. 
  16 
This assists in increasing the strength of the material. A description of the heat treatment 
processes completed for each of the samples has been provided in Table 4.  
Table 4: Heat Treatment Descriptions (As in Appendix C) 
Heat Treatment Description 
As Built  Residual stresses from WAAM are maintained in the sample.  
As Built & Stress relieved Stress relieving through heat treatment at 753K for 2 hours. 
Hot Isostatic Pressing HIPed at 1200K for 2 hours dwell in a 1500bar Argon pressure 
with 5K/minute heating and cooling rate executed.  
Vacuum Annealing  1200K for 2 hours dwell with 5K/minute heating and cooling 
rate executed. Note: these are identical pressure and cooling 
conditions as those performed in the HIPed case, but without 
exposure to a pressure environment.  
Solution Treatment & Ageing Solution treated at 1240K for a 1 hour period. Water quenching 
was performed before ageing at 868K for 2 hours. Finally, the 
sample was air cooled to room temperature.  
  
The samples generated through these processes were divided and used for microstructural and 
SEM imaging and the tensile testing.  
 
3.3 Cutting the Tensile Bars 
To perform the tensile tests on the different samples, the tensile bars had to be cut into a flat 
dog bone shape, appropriate for the Instron 5584 tensile testing machine (Error! Reference 
source not found.). The tensile bars were cut using modified geometries of ASTM E8M 
(Error! Reference source not found.). This consisted of a 1.5mm x 5mm gauge cross-section 
x 16mm gauge length. For each of the different heat treatments, there were a minimum of four 
samples cut for tensile testing. This ensured that an average could be obtained for the different 
cases, reducing uncertainty through the duplication and verification of results.  
 
Figure	  5:	  Test	  Specimen	  Geometry	  
The tensile bars were cut in the horizontal build direction, with the tensile axis of the samples 
running normal to the build direction. Previous studies have shown that this is the least ductile 
orientation for WAAM Ti-6Al-4V samples, with the vertical orientation having approximately 
20-60% more ductility in the results recorded [(Wang, et al., 2013), (Baufield, Van der Biest, 
& Brandl, 2011)]. As a consequence of this, the results collected from this experimental 
procedure will exhibit the ‘worst case scenario’ for the ductility of the samples being tested.    
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The tests in the tensile machine were performed at a constant extension rate of 0.5mm/min until 
fracture.    
 
Through adherence to this methodology, the results for the thesis investigation could be 
generated and analyzed.  
  
Figure	  6:	  Test	  Specimen	  Cut 
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Chapter 4 
Experimental Results 
The following results were collected from the tensile tests, microstructural and SEM 
images obtained from the different samples tested. Through the consideration of the results 
collected for each of these samples, the thesis objectives and aims were able to be fulfilled.  It 
should be noted, that the following sample classification will be incorporated for Chapter 4 and 
Chapter 5, as it is consistent with that used in experimentation.  
Table 5: Sample Number Classification 
Sample Number Heat Treatment Performed 
Sample 1  As-Built and Stress Relieved 
Sample 6  As-Built  
Sample 7  Solution Treated and Aged 
Sample 8  Vacuum Annealed 
Sample 9  Hot Isostatic Pressed 
 
A minimum of four samples were tested for each of the heat treatments being investigated for 
the thesis analysis. These were classified as Sample 1.1 for test 1 of sample 1, Sample 1.2 for 
test 2 of sample 1 and so on for each respective sample.  
 
4.1 Microstructure of the Heat-Treated Samples 
Images of the microstructures of the different samples were taken as a means of investigating 
the potential mechanical properties of the components by observing the 𝛼 and 𝛽 contributions 
within the microstructures. It should be noted that similar microstructures were obtained for 
each of the different heat treatment conditions.  
 
4.1.1 As Built and Stress Relieved Microstructure 
 
Figure 7 displays the image taken for the microstructure of the as built and stress relieved 
sample. The 𝛼 phase has nucleated from the 𝛽 boundaries and grown to become the dominant 
phase within the microstructure. The bottom half of the image depicts the substrate layer that 
the WAAM was built on. The heat affected zone (HAZ) has been drawn on as a dotted line to 
distinguish where the extent of the heat treatment lies in the whole sample.   
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Figure 7: Sample 1-As built and Stress Relieved Microstructure 
4.1.2 As Built Microstructure 
Figure 8 displays the image taken for the microstructure of the as built sample. The 𝛼 growth 
within this microstructure is more developed than the stress relieved condition.  
Figure 8: Sample 6 - As Built Microstructure 
4.1.3 Solution Treated and Aged Microstructure 
 
Figure 9: Sample 7 - STA Microstructure 
Figure 9 depicts the microstructure obtained for the solution treated and aged sample. The grain 
structure of this sample is much more refined than the previous samples.  
 
4.1.4 Vacuum Annealed Microstructure 
 
Figure 10 shows the resulting microstructure of the vacuum annealed heat treatment. The grain 
structure of this sample is relatively coarse with 𝛼 and 𝛽 phases distributed throughout. There 
is also evidence of pores within this microstructure, which was expected due to the lack of 
pressurisation to condense the material.  Two pores have been isolated from the image and are 
highlighted by the arrows provided.  
Figure 10: Sample 8 - VAC Annealed Microstructure 
4.1.5 Hot Isostatic Pressed Microstructure 
 
Figure 11: Sample 9 - HIPed Microstructure 
Figure 11 above displays the microstructure of the hot isostatic pressed sample generated for 
testing. The microstructure of this samples is very similar to that obtained for the vacuum 
annealed sample, with the 𝛼 and 𝛽 phases interspersed throughout the sample.  There are no 
pores visible within the microstructure.  
 
4.2 SEM Imaging of the Heat-Treated Samples 
To extend the analysis of the microstructures of the different samples, additional images were 
taken using SEM technology. This allows the 𝛼 and 𝛽 contributions within the microstructures 
to be observed more distinctly for the different samples. The following figures present the 
images obtained. Error! Reference source not found. depicts more of the SEM images taken 
t different magnifications for each of the samples.  
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4.2.1 SEM Images of the As Built and Stress Relieved Sample 
 
Figure 12: SEM Image of Sample 1 
Figure 12 displays the results obtained from the SEM images for the as built and stress relieved 
condition. It displays the 𝛼 laths among the 𝛽 regions.  
4.2.2 SEM Images of the As Built Sample 
 
Figure 13: SEM Image of Sample 6 
Figure 13 shows the SEM images taken for the as built sample tested for analysis. With a similar 
microstructure as that seen for the as built and stress relieved condition, there are 𝛼 laths present 
between larger 𝛽 regions. The alpha laths for this sample, however, are less prominent than 
those presented for the stress relieved condition.  
 
4.2.3 SEM Images of the Solution Treated and Aged Sample 
 
Figure 14: SEM Image of Sample 7 
Figure 14 provides the SEM image of the sample for the solution treated and aged heat 
treatment. This microstructure was predominantly Widmanstatten/acicular - 𝛼 with thicker 𝛼 
laths.  
   
4.2.4 SEM Images of the Vacuum Annealed Sample 
 
Figure 15: SEM Image of Sample 8 
 
 
Figure 15 shows the microstructure of the vacuum annealed sample under SEM imaging. This 
microstructure is consistent with the 𝛼 laths and the 𝛽 regions seen in the other samples 
however, the 𝛼 phase is clearly thicker and more prominent throughout the structure.   
4.2.5 SEM Images of the HIPed Sample 
Figure 16: SEM Image of Sample 9 
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Figure 16 depicts the SEM image for the hot isostatic pressed sample. It has the Widmanstatten/ 
acicular-𝛼 pattern throughout the microstructure. There are 𝛼 laths in the sample with the 𝛽 
regions in between. The thickness of the 𝛼 laths is similar to that shown for the vacuum 
annealed condition, however it is less developed for the HIPed case.   
4.3 Results from Tensile Tests 
The following results were obtained from the tensile tests conducted on the five samples for the 
experimental analysis. The raw data obtained from the tests have been supplied as Error! 
Reference source not found. to this report. Each sample tested had an original length of 12.50 
mm. 
 
4.3.1 As Built and Stress Relieved Tensile Test Results 
Figure 17 shows the results obtained for the as built and stress relieved sample.  
 
Figure 17: Load Extension Graph for Sample 1 
In addition to the load extension graph generated, the following results were collected from 
each of the samples.  
Table 6: Sample 1 Critical Values 
Sample Tensile Stress 
at Tensile 
Strength 
[MPa] 
Tensile Stress 
at Yield 
(Offset 
0.002mm/mm) 
[MPa] 
Modulus  
[MPa] 
Extension 
at Break 
(standard) 
[mm] 
Tensile 
Extension 
at Break 
(standard) 
[mm] 
Tensile 
Strain at 
Break  
[mm/mm] 
1.2 872.25 756.88 119777.14 3.15 1.41 0.11285 
1.3 855.29 753.40 114377.92 3.32 1.27 0.10160 
1.4 873.46 762.82 117369.72 3.13 1.70 0.13561 
1.5 871.76 772.63 109042.47 2.29 0.89 0.07116 
1.6 887.62 782.47 117922.57 3.13 1.55 0.12368 
Average 872.08 765.64 115697.96 3.00 1.36 0.10898 
It should be noted that for the average values, Sample 1.1 results were not considered as they 
were from the surface material of the sample.  This is typically the weakest portion of the 
sample. This is shown in Figure 17, where the load strain curve for Sample 1.1 lay much lower 
than the other specimens.  
 
4.3.2 As Built Tensile Test Results 
Figure 18 depicts the results of the as built tests that were performed for the as built condition.  
Figure 18: Load Extension Graph for Sample 6 
The critical values obtained from the tests have been provided in Table 7.  
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Table 7: Sample 6 Critical Values 
Sample Tensile Stress 
at Tensile 
Strength 
[MPa] 
Tensile Stress 
at Yield 
(Offset 
0.002mm/mm) 
[MPa] 
Modulus  
[MPa] 
Extension 
at Break 
(standard) 
[mm] 
Tensile 
Extension 
at Break 
(standard) 
[mm] 
Tensile 
Strain at 
Break  
[mm/mm] 
6.1 827.80 714.38 110852.75 2.61 1.03 0.08249 
6.2 820.12 710.09 113325.32 2.20 0.82 0.06563 
6.3 818.47 706.32 112745.99 2.41 0.84 0.06715 
Average 822.13 706.32 112308.02 2.41 0.90 0.07176 
 
The results for specimen four of these tests is not considered for analysis as the specimen was 
interfered with during the tensile tests, making the results invalid. The average for sample 6 
was therefore taken with specimens 6.1,6. 2 and 6.3 only.  
 
4.3.3 Solution Treated and Aged Tensile Test Results 
Figure 19 shows the tensile results obtained for the solution treated and aged sample tested for 
analysis.  
 
Figure 19: Load Extension Graph for Sample 7 
The critical values obtained from the solution treated and aged samples are provided in Table 
8. 
Table 8: Sample 7 Critical Values 
Sample Tensile Stress 
at Tensile 
Strength 
[MPa] 
Tensile Stress 
at Yield 
(Offset 
0.002mm/mm) 
[MPa] 
Modulus  
[MPa] 
Extension 
at Break 
(standard) 
[mm] 
Tensile 
Extension 
at Break 
(standard) 
[mm] 
Tensile 
Strain at 
Break  
[mm/mm] 
7.2 918.63 873.36 106499.35 2.01 0.35 0.02772 
7.3 961.93 916.18 119237.44 2.78 0.72 0.05768 
7.4 910.93 847.86 115162.99 2.21 0.61 0.04871 
7.5 902.02 833.87 121006.35 2.60 0.93 0.07406 
Average 923.38 867.82 115476.53 2.4 0.65 0.05204 
 
Specimen 7.1 was not considered in the analysis of the solution treated and aged sample as it 
was taken at the edge of the tensile bar, which possesses much less strength than the other 
portions of the sample.  
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4.3.4 Vacuum Annealed Tensile Test Results 
Figure 20 depicts the tensile relationships collected for the vacuum annealed samples tested.  
Figure 20: Load Extension Curve for Sample 8 
The critical values obtained from the vacuum annealed samples are provided in Table 9.  
Table 9:  Sample 8 Critical Values 
Sample Tensile Stress 
at Tensile 
Strength 
[MPa] 
Tensile Stress 
at Yield 
(Offset 
0.002mm/mm) 
[MPa] 
Modulus  
[MPa] 
Extension 
at Break 
(standard) 
[mm] 
Tensile 
Extension 
at Break 
(standard) 
[mm] 
Tensile 
Strain at 
Break  
[mm/mm] 
8.3 806.90 716.41 107393.93 3.29 1.92 0.15321 
8.4 823.16 736.57 135653.58 2.61 1.23 0.09802 
8.5 812.16 726.98 104482.39 3.53 2.07 0.16551 
8.6 809.00 729.29 114620.64 2.63 1.09 0.08731 
8.7 797.86 695.11 188062.75 2.22 0.90 0.07223 
Average 809.82 720.87 130042.66 2.86 1.44 0.11526 
 
Specimens 8.1 and 8.2 represent two tests that failed in the tensile testing machines. For this 
reason, they are not being used as contributions to the average critical values for Sample 8. 
 4.3.5 Hot Isostatic Pressed Tensile Test Results 
Figure 21 shows the results collected from the hot isostatic pressed tensile tests completed.  
 
Figure 21: Load Extension Curve for Sample 9 
The critical values for the hot isostatic pressed samples are provided in Table 10 below.  
Table 10: Sample 9 Critical Values 
Sample Tensile Stress 
at Tensile 
Strength 
[MPa] 
Tensile Stress 
at Yield 
(Offset 
0.002mm/mm) 
[MPa] 
Modulus  
[MPa] 
Extension 
at Break 
(standard) 
[mm] 
Tensile 
Extension 
at Break 
(standard) 
[mm] 
Tensile 
Strain at 
Break  
[mm/mm] 
9.2 805.13 710.59 112074.63 2.72 1.34 0.10753 
9.3 812.05 713.45 149590.42 3.08 1.62 0.12975 
9.4 785.24 698.34 114301.06 2.43 1.11 0.08885 
9.5 796.65 725.62 106321.07 2.92 1.40 0.11229 
Average 799.71 711.44 119859.66 2.73 1.28 0.10251 
 
Sample 9.1 was taken at the edge of the build; however, its results were similar to those 
collected for the other test specimens and have been considered in the averages made for the 
hot isostatic pressed condition.   
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Chapter 5 
Analysis of Results 
In order to present a well-justified response to the thesis objective, a comprehensive 
analysis of the data and images collected through experimentation was required. Using the 
results presented in Chapter 4 for each of the samples, this was able to be achieved. 
 
5.1 Microstructure of the Heat-Treated Samples 
Through the microscopic and SEM images taken of the microstructures of the different heat 
treated and HIPed samples, evidence of the microstructural changes that occurred for each of 
the conditions was presented. As anticipated, the post processing heat treatments and hot 
isostatic pressing had a considerable effect on the microstructures generated for the samples.   
 
The deposition parameters outlined in Table 3 produced relatively consistent samples during 
the WAAM process, comprised of large coarse prior-𝛽 grains, shown in  
Figure 7. While the heat treatments conducted on the samples did not have a significant 
influence on the size of the prior-𝛽 grains, they did have a substantial effect on the size and 
form of the 𝛼 grains. This became particularly evident in the SEM images provided for each 
sample.  The SEM images taken depict the typical microstructures produced for each of the 
post-processing heat treatment condition. The morphology of the 𝛼 in the microstructures was 
largely Widmanstätten/acicular-	  𝛼 which is evident by the triangular pattern distinguishable  
(Fan, Tian, Guo, Sun, & Xu, 2016).  
 
It is frequently shown in theoretical analysis that 𝛼′-martensite begins to form throughout 𝛽 −𝛼 transformations for cooling rates surpassing 410K/s (Ahmed & Rack, 1998). A further study 
presented in Figure 2 of Error! Reference source not found., showed a cooling rate of 
etween 10-20K/s for the samples tested in this investigation. This is much lower than the values 
presented by Ahmed and Rack. As a result, finer Widmanstätten was able to be formed in the 
microstructures formed through post processing of the WAAM components built under the 
specific heat treatment processes outlined in this study. The slow cooling rate increases the 
ductility of the products, with none of the brittle 𝛼′-martensite forming during the process 
(Ahmed & Rack, 1998). The strength, however will be of a lower order of magnitude than those 
products formed with the faster cooling rates.  
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Comparatively, SLM processes have been shown to exceed cooling rates of 410K/s (Vrancken, 
Thijs, Kruth, & Van Humbeeck, 2012). Vrancken et al. completed a study on the microstructure 
of SLM Ti-6Al-4V at these faster cooling rates, summarising that the “microstructure of the 
non-heat treated Ti-6Al-4V contains fully acicular 𝛼′-martensite structures, developed during 
the SLM process”. The resulting mechanical properties of the SLM component were seen to be 
relatively strong with low ductility. This exhibits one potential advantage of utilizing WAAM 
as an additive manufacturing process over SLM for cases where higher ductility is desired from 
the components. The slower cooling rate of the sample potentially eradicates the necessity of 
utilizing post processing heat treatments as a means of removing the undesired martensite from 
microstructures.  
 
It is shown in the microstructures for the as built and stress relieved and HIPed/vacuum 
annealed conditions however, that using annealing as a post processing heat treatment coarsens 
the 𝛼/	  𝛽 grains, strengthening the material at the expense of ductility. Using solution treating 
and ageing as the post processing condition seems to overcome these issues. Solution heat 
treatments create microstructures with a higher 𝛽 fraction, which is quenched to retain a super-
saturated 𝛽-phase or produce 𝛼′-martensite within the structure. The ageing process then allows 
the break-down of these metastable phases through the formation of acicular – 𝛼 (Donachie, 
2001). The resulting mechanical properties from such a heat treatment are high strength and 
low ductility.  
 
Another key feature also became apparent in the microstructural and SEM images taken of the 
samples. Pores could be clearly distinguished in some of the microstructures, specifically those 
of the solution treated and aged and vacuum annealed samples. As expected, the HIPed sample 
did not display any signs of porosity within the microstructure, supporting the theory provided 
in Section 2.4.   
 
Through analyzing the microstructure of the different samples after post processing heat 
treatments and HIPing, some of the potential benefits of using WAAM over SLM technologies 
have been revealed. Additionally, the benefits of the different heat treatments have been 
explored, where the limitations and benefits of the conditions were identified in relation to the 
microstructural and SEM images taken.    
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5.2 Comparison of Mechanical Properties 
The tensile properties of each of the heat-treated samples was completed, with the load 
extension curves for each of the test specimen provided in Chapter 4. The average critical values 
for each of the samples is provided in Table 11 below.  
Table 11: Averaged Critical Values for each Sample 
Sample Tensile Stress 
at Tensile 
Strength 
[MPa] 
Tensile Stress 
at Yield (Offset 
0.002mm/mm) 
[MPa] 
Modulus  
[MPa] 
Extension 
at Break 
(standard) 
[mm] 
Tensile 
Extension at 
Break 
(standard) [mm] 
Tensile 
Strain at 
Break  
[mm/mm] 
As Built 
& Stress 
relieved 
872.08 765.64 115697.96 3.00 1.36 0.10898 
As Built 822.13 706.32 112308.02 2.41 0.90 0.07176 
STA 923.38 867.82 115476.53 2.4 0.65 0.05204 
Vacuum 
Annealed 
809.82 720.87 130042.66 2.86 1.44 0.11526 
HIPed 799.71 711.44 119859.66 2.73 1.28 0.10251 
 
A comparison of the strength values and elastic behavior of the samples have been provided in 
Figure 22 and Figure 23, respectively.   
 
Figure 22: Strength Comparisons of the Samples 
Figure 23: Elastic Behavior of the Samples 
The tensile properties of each of the samples are indicative of the results expected from both 
the theory explored and the microstructural analysis completed, where the higher strength is 
achieved for those conditions that facilitate faster cooling rates. The as built sample (Sample 
6), however, contradicts this where the strength and ductility was less than its stress relieved 
counterpart (Sample 1). The strength values for the as built test were approximately 6% less 
than the as built and stress relieved despite the similar microstructure. This reinforces a study 
conducted by Lynn Ebert which investigates the effect of residual stresses on the tensile 
properties of a material. In the investigation, it is stated that “the yield strength of a material 
will be reduced due to the presence of residual stresses, regardless of them being tensile or 
compressive” (Ebert, 1974). The existence of the residual tensile stresses within the material 
can promote the initiation and elongation of cracks within a microstructure, as well as increase 
the ductility of the material due to the internal resistance inside the material (Zhang, Wang, 
Paddea, & Zhang, 2016).  
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When considering ASTM F1108 standard values for strength and ductility against the tensile 
behavior of the heat-treated conditions tested, the different sample’s performance in aerospace 
applications can be identified. The tensile results generally revealed low average values of 
strength in comparison to the 860MPa minimum specified in the standards. In fact, the solution 
treated and aged sample (Sample 7) was the only condition that consistently met the standard.  
The as built and stress relieved treatment conducted (Sample 1) also displayed relatively good 
results, where some of the specimens met ASTM F1108 strength requirements. The other 
samples tested, however, did not meet the standard with any of the specimens tested.  
 
For the ductility requirements specified in ASTM F1108, it was discovered that the majority of 
the samples tested were able to exceed the minimum 8% strain at failure (refer to Figure 24).  
The solution treated and aged however, did not meet this requirement. This could be due to the 
presence of residual 𝛼′- martensite in the microstructure, making the material brittle and hence, 
more difficult to elastically deform. The best results for ductility were shown for the vacuum 
annealed sample (Sample 8), reaching more than double the standard value of 8% for some of 
the specimens tested.  
Figure 24: Strain At Failure Comparison 
The heat treatment condition that met both the strength and ductility requirements specified in 
ASTM F1108 for the majority of the specimen tested, was found to be the as built and stress 
relieved sample. This is consistent with the SLM study completed by Thone et al. which saw 
that stress relieving the AM components through heat treatment produced much better strength 
results than the as built conditions. Considering the fact that WAAM components are able to 
achieve greater ductility in the as built form than other AM techniques due to the slow cooling 
rate, the heat treatment for this sample purely acts as a means of relieving internal stresses 
which would otherwise resist the tensile loading applied.   
 
Figure 22 and Figure 24 showed that the stress relieved condition possessed the second-best 
results for the strength of the samples at 872.08 MPa and ductility (strain at failure) with a value 
of 10.90%. Despite the average strength value for the as built and stress relieved sample not 
meeting ASTM F1108’s standard strength value of 860MPa, it should be reinforced that the 
results collected were for the ‘worst case scenario’. Potentially repeating these tests for samples 
exhibiting the ‘best case’ results will likely find the strength value meeting the standard value.   
 
The comparisons of the results obtained for the different post-processing heat-treatments 
analysed were relatively consistent with the literature as reviewed in Chapter 2. The results for 
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the HIPed sample, however, seem to contradict the expected behavior outlined in theory. When 
compared with the vacuum annealed sample, which involved the same heat treatment as the 
HIPed condition, excluding pressurization to eliminate porosity, there was little to no difference 
observed for the strength of the material. In fact, it appeared to perform worse for the ductility 
and elastic modulus of the samples (Figure 24 and Figure 23, respectively) when compared 
with the vacuum annealed sample.  
 
  5.3 Effectiveness of Hot Isostatic Pressing  
HIPing has proven to be a beneficial post processing treatment used for many additive 
manufacturing technologies such as SLM. This is due to the fact that the process is particularly 
efficient at removing the defects that form as a consequence of incomplete powder fusion 
during the formation of the samples. This limits the ductility of the resulting components to 
very small values as it incites crack formation and propagation under tensile loading.  
   
In the results presented in this investigation, however, it is seen that the tensile testing on the 
different materials produced negligible difference in strength and ductility between the HIPed 
samples and the vacuum annealed WAAM Ti-6Al-4V components. In fact, the results for the 
tests revealed that the best averaged ductility values were from the vacuum annealed, and not 
the HIPed condition.  
 
There are three conclusions that can be drawn from these unexpected results; specifically:  
1.   The specimens tested for the vacuum annealed condition did not contain porosity, and 
hence, the effect of porosity was not accounted for;  
2.   The hot isostatic press was ineffective at removing the porosity from the HIPed sample 
and, hence the effect of porosity was only accounted for; or  
3.   Porosity has little effect on the mechanical properties of Ti-6Al-4V samples produced 
using wire arc additive manufacturing technologies. 
 
To determine which of these conclusions were applicable to the results obtained, the porosity 
of the samples was investigated further.  
 
The results shown in the microstructural images of the vacuum annealed and HIPed conditions 
( 
Figure 10 and Figure 11, respectively) showed the existence of porosity in the vacuum annealed 
condition, but not the HIPed. A more in-depth visual of the samples was obtained through high 
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resolution X-Ray Micro-CT images shown in Figure 25 and Figure 26, which depict small 
sections of the HIPed and vacuum annealed samples.   
 
The sections examined in the Micro-CT images were approximately the same size; 3.5mm thick 
x 12mm wide x 14mm tall.  
Figure 25: Micro-CT Images of Vacuum Annealed Sample 
 
Figure 26: Micro-CT Images of HIPed Sample 
It is evident in the Micro-CT Images that the vacuum annealed sample contains pores in the 
microstructure. The largest pore identified within the microstructure exceeds 400𝜇m in 
diameter. A closer look at the pore in Figure 27 displays the spherical nature of the pore, a 
feature which indicates the presence of trapped gas within the sample from the argon used 
during the manufacture of the sample.   
 
Figure 27: Largest Pore in the Vacuum Annealed Sample 
The size of the pore present within the vacuum annealed microstructure is relatively large and 
could potentially reduce the mechanical properties of the material. Despite this, the results from 
the mechanical tensile tests did present similar, if not greater results for the strength and 
ductility of the vacuum annealed condition compared with the HIPed.  
 
Figure 26, shows that the hot isostatic pressing of the sample was effective at removing the 
porosity present in the sample, with no porosity detected in the Micro-CT X-rays taken. From 
these observations, it is clear that the lack of porosity in the samples does not have a significant 
impact on the tensile properties of the materials. This is an unexpected, yet encouraging 
outcome, due to the complexity and cost of the HIPing process as a post-build treatment. 
Eliminating such unnecessary and costly treatments would be extremely beneficial in industry.  
 
It should be noted, however that the presence of such porosity can have adverse effects on the 
fatigue properties of a material which can result in crack propagation within the sample and 
sometimes the premature failure of components. This is reinforced by the study completed by 
Tammas-Williams et al. as discussed in Chapter 2. Baufeld, Brandl and Van der Biest also 
conducted an investigation which demonstrated examples of porosity caused by gas entrapment 
becoming sites for fatigue crack nucleation for WAAM Ti-6Al-4V components, (Baufield, Van 
der Biest, & Brandl, 2011).  
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5.4 Summary of Findings  
As discussed, the strength of the vacuum annealed and HIPed components when exposed to 
tensile loading did not meet the standard value for strength outlined in ASTM F1108. Despite 
this, the as built and stress relieved condition, as well as the solution treated and aged sample 
did meet (and exceed) this threshold.  
 
The microstructure of the components was shown to have a great influence on the mechanical 
properties of the samples. The microstructural features that directly influence the mechanical 
properties of the Ti-6Al-4V were discussed, such as the thickness of the 𝛼 laths and colonies 
within the microstructure. Such features influence the ease of slip between the grain boundaries. 
The difference in Microstructural and SEM images were depicted for each of the heat 
treatments where the effect of each post-processing condition on the presence and morphology 
of 𝛼 in the microstructure was shown.  
 
The slow cooling rate associated with the wire arc additive manufacturing process was also 
seen to directly influence the mechanical behavior of the different samples. At a cooling rate of 
20K/s during the 𝛽 → 𝛼 transformation, producing a coarse-grained microstructure. The pattern 
of the microstructure was relatively similar for each of the different heat-treatment conditions 
tested, and was identified as Widmanst𝑎tten/acicular – 𝛼. These microstructures differ 
significantly from those obtained using powder bed additive manufacturing techniques, such as 
SLM, with cooling rates fast enough to form 𝛼0 −martensite (>410K/s). 
 
The post-processing heat treatments, usually utilized to coarsen the microstructures of powder 
bed additive manufactured products such as vacuum annealing and hot isostatic pressing, 
continue coarsening the microstructure of the already coarse WAAM components. This results 
in the reduced tensile strength seen in the results obtained from the tensile testing.             
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Chapter 6 
Conclusions  
In conclusion, this paper presents the results obtained for a study of the effect of heat 
treatment on the mechanical properties and microstructure of Ti-6AL-4V produced by Wire 
Arc Additive Manufacturing (WAAM).  Four heat treatments were investigated for analysis, 
along with the component in its untreated (as built) form. These heat treatments consisted of as 
built and stress relieved, solution treated and aged, vacuum annealed and Hot Isostatic 
Pressed.  
 
The objective of this study was to explore a range of post-processing heat treatments to 
determine whether WAAM Ti-6Al-4V required such procedures to attain the desired 
mechanical properties required for aerospace applications. A range of conclusions could be 
drawn from the completed study:  
 
1.   WAAM Ti-6AL-4V components are still susceptible to porosity as a consequence of 
gas entrapment during the generation of the samples. This was shown through the 
spherical gas pockets present in the microstructural and Micro-CT scans provided 
within the results.  
 
2.   The heat treatments conducted were effective at changing the microstructure and 
mechanical properties of the samples being tested. This was evident through the range 
of results displayed in the analysis.  
 
3.   The images of the microstructure and the SEM comparisons supported the 𝛼 growth of 
the samples, and it was indicated that the STA samples, along with the as built and 
stress relieved samples would produce the best results for strength.   
 
4.   The tensile tests conducted showed the mechanical properties of the different samples. 
STA samples proved to have the best results for strength, however, the vacuum 
annealed condition was seen to have the best ductility, evident by the extension range 
of the sample compared to the other heat treatments. The ductility of all of the samples 
however, was relatively good, supporting the analysis conducted on the cooling rate of 
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the WAAM process, where it was found that the slower cooling rate was beneficial at 
reducing the amount of brittle martensite being formed.  
 
5.   The strength of the vacuum annealed and HIPed components when exposed to tensile 
loading did not meet the standard value for strength outlined in ASTM F1108. Despite 
this, the as built and stress relieved condition, as well as the solution treated and aged 
sample did meet (and exceed) this threshold. 
 
 
6.   Through a comparison of the Vacuum annealed and Hot Isostatic Pressed samples, it 
was determined that HIPing is an effective process for eliminating porosity in the 
samples. Through the similar strength and ductility ranges of the two treatments, 
however it was also shown that eliminating the porosity of the samples doesn’t have 
much of an impact on the mechanical properties of WAAM Ti-6Al-4V components.  
 
Overall, the objective of the thesis was fulfilled and it was determined that post processing 
procedures in the form of heat treatments should be considered as options for improving the 
microstructures and mechanical properties of WAAM Ti-6Al-4V components built in industry.  
 
The results of this thesis have resulted in a draft publication Error! Reference source not 
found., which is currently under review in a journal publication.   
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Recommendations 
The results of this investigation were successful in drawing useful and final conclusions 
pertaining to the identified objectives of the study.  The outcomes of the study also exposed the 
need for further research to expand the knowledge available on this relatively untouched area 
of investigation. This could be achieved by repeating the investigation for the ‘best case 
scenario’. This would involve taking the cuts in the vertical build direct and retesting the same 
heat treatments to provide a range of strength and ductility values that are applicable to each 
post-processing procedure. This will potentially increase the strength values of each treatment 
to meet ASTM F1108 strength requirements for 860MPa.   
 
Despite this investigation showing that the presence of porosity within the microstructure has 
little effect, if any, on the strength and results obtained, aerospace components are also exposed 
to cyclic stress loads, which may induce fatigue or premature failure of components due to the 
existence of these pores. High strength and good ductility are not the only mechanical properties 
that are desired in the mechanical and aeronautical field. This introduces another potential study 
for WAAM Ti-6Al-4V components, involving the modification of deposition parameters 
during the build. Through altering the deposition speed, wire feed rate and pulse used, the extent 
of porosity within the samples could potentially be controlled more effectively.  
 
Through the completion of these investigations, the ambiguity and mystery surrounding 
WAAM for Ti-6Al-4V components will be lessened, with a potential solution to manufacturing 
in industry emerging.  
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